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Leaf architecture, an agriculturally important trait contributing to rice (Oryza sativa) productivity, modulates photosynthesis and thus regulates plant growth and development. The growth of leaves initiates at the peripheral zone of the shoot apical meristem and then proceeds in a three-dimensional manner, moving from proximal to distal, adaxial to -abaxial, and medial to lateral (Moon and Hake, 2011) . Leaves often change their architecture to cope with changes in the environment such as light intensity, moisture, temperature, etc., and moderate leaf rolling can enhance rice yield in multiple ways (Sakamoto et al., 2006; Lang et al., 2003; Eshed et al., 2001; Wu, 2009; Yan et al., 2012a) . Rolled leaves maintain their upright posture, thus minimizing shadowing among leaves and improving overall photosynthetic efficiency of the plants. Leaf rolling also decreases stomatal conductance and reduces water loss, especially under drought-stress conditions. Moreover, leaf rolling delays the onset of senescence, thus increasing source-to-sink translocation of photoassimilates. Leaf rolling is a spontaneous response of plants to environmental conditions for maximizing productivity, and identification of the genetic component that modulates leaf rolling may provide tools to enhance rice yield under stress conditions. Several genetic regulators of leaf rolling have been identified in rice, and some of the recently identified ones include ROLLED LEAF9/SHALLOT-LIKE1 (Zhang et al., 2009) , SHALLOT-LIKE2 (Zhang et al., 2015) , ROLLED AND ERECT LEAF1 (Chen et al., 2015) , ROLLED AND ERECT LEAF2 , SEMI-ROLLED LEAF1 (Xiang et al., 2012) , SEMI-ROLLED LEAF2 (Liu et al., 2016) , ROLLING LEAF14 (Fang et al., 2012) , and LAT-ERAL ORGAN BOUNDARIES DOMAIN GENE (Li et al., 2016b) . Mutants of these genes show either adaxially (inward) or abaxially (outward) rolled-leaf phenotypes, which is usually associated with altered development of bulliform cells. The bulliform cells are a group of large and highly vacuolated cells that mainly exist in monocots and play a crucial role in modulating the status of leaf rolling, as bulliform cells lose turgor under water-deficit conditions, which results in leaf rolling. When water deficit is relieved, bulliform cells absorb water and swell up, thus flattening the leaves (Price et al., 1997) .
At the molecular level, leaf shape in monocots, either flat or rolled, is dependent upon the antagonistic expression patterns of transcription factors and small RNAs targeting these transcription factors at adaxial (top) and abaxial (bottom) sides that are functionally specialized for light capture and gas exchange, respectively (Moon and Hake, 2011; Merelo et al., 2016) . Homeodomain Leu zipper III transcription factors A, Wild-type and STTM166 plants at maturity. Scale bar, 2 cm. B, The rolled-leaf phenotype of STTM166 plants at maturity. C, Expression of mature miR166 in wild-type and STTM166 plants assayed by using quantitative stem-loop real-time PCR. D, The expression levels of mature miR166 in wild-type and STTM166 plants detected using RNA gel blotting. U6 gene served as a loading control. E, The cross section of leaf in wild-type and STTM166 plants at maturity. BC, Bulliform cell; VB, vascular bundle; SC, sclerenchymatous cell. Scale bar represents 200 mm in leaf and 50 mm in blade. F, The width of bulliform cells in leaf adaxial epidermis. Data are presented as means 6 SD (n = 3 in E and F). **P , 0.01, two-tailed, two-sample Student's t test.
(HD-ZIP III, a group of homeobox transcription factors) such as PHABULOSA, PHAVOLUTA (McConnell et al., 2001) , REVOLUTA (Otsuga et al., 2001) , and ROLLED1 (Nelson et al., 2002) determine the adaxial polarity, while members of KANAD I family, such as MILK-WEED POD1 (Candela et al., 2008) and YABBY (YAB) family such as YAB2 and YAB3 (Eshed et al., 2004) , determine the development of abaxial cells. Two small RNAs, the transacting short interfering RNAs TAS3 and the microRNA miR165/166, exhibit opposite polar distribution and facilitate the establishment of adaxial-abaxial leaf polarity, including proper development of leaf vasculature (Nogueira et al., 2007) . The miR165/166 family members regulate leaf development by targeting HD-ZIP III genes (Fouracre and Poethig, 2016) . The HD-Zip III family in rice consists of five genes: Oshox10, Oshox9, Oshox33, Oshox32, and Oshox29, which are also named OSHB1 to OSHB5, respectively (Agalou et al., 2008) .
The plant vascular system is composed of xylem and phloem, which are specialized for the transport of water and photoassimilates, respectively. In leaves, xylem is present at the adaxial side and phloem is positioned abaxially in the vascular bundles. The rolled leaf phenotype is directly related to water transport through the xylem. Xylem vessels/conduits mainly consist of tracheary elements, which undergo complete clearance of cellular components through programmed cell death during cell differentiation, forming an apoplastic route to transport water and solutes. In addition, development of a cellulose-rich thick secondary cell wall provides mechanical support to the plants (De Rybel et al., 2016; Heo et al., 2017) .
Since xylem conduits are connected through dead cell wall skeletons, the driving force for water/solute transport is mainly mediated by transpiration. Differences in the diameter of xylem vessels are regarded as some of the most important parameters in plant-water relations. According to the HagenPoiseuille equation, the flow rate of water along a tube is proportional to the fourth power of its radius. Thus, a small change in vessel diameter can result in a considerable change in flow rate or conductivity. Xylem area-specific conductivity (K s ) can be considered as the proxy for transport efficiency and can strongly impact plant responses to freezing-induced embolism or drought-induced cavitation (McCulloh et al., 2010; Hacke et al., 2017) . Owing to its direct relationship with transpiration, vascular transport is also dependent on stomatal density and the status of stomatal opening/closing.
Recently, a large-scale knockdown of different miRNA families in rice was attempted using the Short Tandem Target Mimic (STTM) technology, and transgenic plants were phenotyped under natural paddy field conditions . In this study, we characterized the miR166 knockdown plants (STTM166), which exhibit rolled leaves, smaller bulliform cells in the leaves, and altered xylem vessels in the stem. The STTM166 plants displayed an elevated drought resistance likely due to a reduced transpiration rate. MiR166 was localized in the xylem vessels. Overexpression of a miR166-resistant version of OsHB4 resulted in phenotypes resembling those of the STTM166 plants, which supports the idea that OsHB4 is one of the major targets of miR166 in rice. RNA-seq-based transcriptomic analyses revealed that the expression of cell wall biosynthesis-related genes was altered in STTM166 plants. Our study provided genetic evidence supporting the role of miR166-OsHB4 as a regulatory module in xylem development, leaf rolling, and drought resistance in rice.
RESULTS

STTM166 Plants Exhibit a Rolled-Leaf Phenotype
To identify miRNAs that modulate plant morphology and other agronomic traits, we selected 37 different miRNA families in rice and generated knockdown lines using the STTM technology (Tang et al., 2012; Yan et al., 2012b) . Phenotyping of the STTM plants grown under natural paddy field conditions revealed that miR166 knockdown plants (STTM166 lines) exhibited multiple phenotypic alterations, including alterations in plant height, leaf morphology, and seed size. At maturity, plant height was reduced by 33.9% in STTM166 plants compared with that in the wild type ( Fig. 1A ; Supplemental Fig. S1A ). The reduced height in STTM166 was associated with decreases in the length of the first, second, and third internodes by 36.5%, 43.4%, and 49.5%, respectively, but the length of the fourth internode did not show a significant difference between STTM166 and wild-type plants (Supplemental Fig.  S1C ). Although the seed size and weight were changed in STTM166 plants (Supplemental Fig. S1 , D-G), the rates of seed setting were comparable between STTM166 and the wild type, which suggests that miR166 knockdown did not affect sexual reproduction. The grain yield per plant was reduced by 16.5% and 23.2%, respectively, in STTM166-1 and STTM166-2 when compared with the wild type under normal growth conditions (Supplemental Fig. S2A ). Another prominent feature of STTM166 plants is adaxially rolled leaves (Fig. 1B) , which is a typical phenotype of the class III HD-Zip mutants (Emery et al., 2003; Juarez et al., 2004) . The expression level of miR166 was quantified in two independent lines of STTM166 plants using stem-loop quantitative reverse-transcript PCR (Fig. 1C) and small RNA northern blot analysis (Fig.  1D) , and both methods detected a significant reduction in the mature form of miR166 in two independent STTM166 lines. These results indicate that the observed phenotypes of STTM166 plants is attributed to the down-regulation of miR166.
Anatomical analysis of leaves was performed to analyze the changes in STTM166 plants at the cellular and tissue levels. The adaxial rolling was clearly evidenced by the circularly shaped cross section of a leaf in the STTM166 plant (Fig. 1E, left) . In contrast to the wild type, some of the small veins in the laterally rolled region did not form normal sclerenchymatous cells at the abaxial side (Fig. 1E, right) . However, the midrib region and most of the secondary veins in STTM166 leaves showed a cellular organization similar to that in the wild type. The bulliform cells at adaxial side in STTM166 plants were deflated (Fig. 1E, right) . Since the size and number of bulliform cells vary depending on their locations in the leaf, we selected the bulliform cells adjacent to the midrib and measured the width of the bulliform cells. The average width of bulliform cells was reduced by 43.9% in STTM166 leaves as compared with that in the wild type (Fig. 1F) . Thus, both abnormality of sclerenchyma cells and deflated bulliform cells likely contribute to the adaxially rolled leaf phenotype of STTM166 plants.
STTM166 Plants Display Reduced Transpiration and Enhanced Drought Resistance
Since leaf rolling is considered as an adaptive mechanism to conserve water (O'Toole and Cruz, 1980; Zhang et al., 2009) , we asked whether STTM166 plants may be more resistant to drought stress. Drought resistance assays were performed using potgrown plants in a phytotron growth chamber.
Seedlings were established under normal growth conditions for 15 d, and drought was then initiated by withholding water. In wild-type plants, leaf rolling appeared on the fifth day after withholding water, and the leaves became wilted on the eighth day, whereas STTM166 leaves did not wilt during the 10-d drought treatment ( Fig. 2A; Supplemental Fig. S3 ). On the 10th day after the drought-stress treatment, recovery of plants was attempted by rewatering, and the survival rate was recorded on the eighth day after rewatering. Plants exhibiting growth of new leaves were considered as surviving plants. The survival rate was increased by 53.2% and 49.3% in STTM166-1 and STTM166-2, respectively, as compared with that in wild type (Fig. 2B ). In the paddy field, while the spikelet fertility, a main indicator for drought resistance, of STTM lines was unchanged when compared with the wild type under normal growth conditions, the STTM 166 lines displayed significantly higher spikelet fertility than that of wild-type plants under drought-stress conditions (Supplemental Fig. S2 , B and C). During the drought-stress treatment, water loss was also monitored, and the result shows that STTM166 plants lost water more slowly than the wild type (Fig. 2C) .
To corroborate the water loss data, we examined leaf surface temperature using infra-red imaging. Under Figure 2 . The drought resistance phenotype of STTM166 plants. A, Drought resistance assay in wild-type and STTM166 plants. Scale bar, 2 cm. B, Survival rate after drought and rewatering treatments. C, The water loss during drought stress. Data are presented as means 6 SD (n = 36 in B and C). **P , 0.01, two-tailed, twosample Student's t test.
normal growth conditions in a phytotron growth chamber, the surface temperature of STTM166 leaves was higher than that of wild type (Fig. 3A) , suggesting reduced transpiration from leaves in STTM166 plants. Moreover, in the paddy field conditions, the transpiration rate was consistently lower (P , 0.001) in STTM166 plants than in wild type at the three time points tested during the day (Fig. 3B ). Since transpiration is tightly associated with stomata, we quantified the density and size of stomata. The stomatal density was increased by 23.4% and 16.8% (Supplemental Fig. S4 , A and B), while stomata size was decreased by 49.3% and 50.2% (Supplemental Fig. S5 , A and B) in STTM166-1 and STTM166-2, respectively, as compared with those in wild-type plants. Under normal growth conditions, the stomatal conductance was significantly reduced (Fig. 3C ), while leaf water potential remained unchanged in these two STTM lines when compared with the wild type (Fig. 3D) . However, the STTM166 lines exhibited significantly higher leaf water potential than wild type under drought-stress conditions (Fig. 3D) . In both wild-type and STTM166 plants, there was no difference in stomatal density and size between adaxial and abaxial surface of leaf blade (Supplemental Fig. S4 , A and C). Measurements of ABA contents indicated that STTM166 and wild-type plants had comparable ABA levels under both normal and drought-stress conditions (Supplemental Fig. S6 , A and B). These results suggest that increased leaf water potential and decreased transpiration rate in STTM166 plants were not mediated by changes in ABA content but were more likely due to the morphological changes in leaves and stems of STTM166 plants. Our anatomical analyses also revealed structural changes in the vascular bundle of stems of STTM166 plants. The diameter of xylem vessels was significantly decreased in STTM166 stems as compared with those in the wild type (Fig. 4A) . The decreased xylem area in STTM166 was expected to result in changes in shoot hydraulic conductivity (Kshoot). Indeed, measurements of Kshoot, which were normalized by the stemsupporting leaf area (Brodribb and Feild, 2000) , by using a high-pressure flow meter (HPFM) revealed that, under both phytotron growth chamber and paddy field conditions, Kshoot was decreased by 56.8% and 52.7% in STTM166-1 and STTM166-2, respectively, as compared to those in the wild type (Fig. 4B) . Interestingly, as a part of the interconnected vascular system, the vascular bundles of root (Fig. 4C) and leaf ( Fig. 4D ) did not show significant morphological differences between STTM166 and wild-type plants under normal growth conditions. These results suggest that miR166 plays an important role in the vascular development in the stem. This notion was further supported by the study of miR166 localization. By in situ hybridization using an LNA-miR166 antisense probe, miR166 was detected in the stem vascular bundle in wild-type plants, including the phloem and cambium (Fig. 5A) , and cambium cells displayed the highest level of miR166, which might be associated with the origin of miR166 precursor formation. The formation of miRNA precursor in meristematic cells and mobility of mature miRNA have been demonstrated earlier (Tretter et al., 2008; Chitwood et al., 2009 weak miR166 signal was detected in the cambium (Fig.  5, A and B) . Furthermore, the expression of five selected aquaporin genes in the root was analyzed, and no significant difference was observed between STTM166 and wild-type plants (Supplemental Fig. S7 ). This suggests that the decreased transpiration rate was unlikely due to differences in water uptake in roots of STTM166 plants.
A Subset of HD-Zip III Genes Are Regulated by miR166
In Arabidopsis (Arabidopsis thaliana), miR165/166 is predicted to target the transcripts of HD-Zip III genes Mallory et al., 2004) . The sequences of miR165 and miR166 in Arabidopsis have only one nucleotide difference, and both miRNAs are thought to target the same genes (Rhoades et al., 2002) . miR166, but not miR165, has been reported in rice, and all five OsHB genes were found to contain the miRNA166 binding sequence and thus could be the targets of miR166 (Nagasaki et al., 2007; Luo et al., 2013) . However, experimental evidence for miR166-mediated cleavage of OsHB genes is still lacking.
Gene expression analysis revealed that all OsHB genes were highly expressed in leaf and OsHB1-4, but not OsHB5, were also abundantly expressed in stem (Supplemental Fig. S8A ). OsHB1 and OsHB4 were induced, while OsHB2, OsHB3, and OsHB5 were suppressed by drought-stress treatment (Supplemental Fig.  S8B ). To identify which OsHB gene is mainly responsible for the phenotypes of STTM166 plants, we examined the expression levels of the five OsHB genes from the RNA-seq data in STTM166 and wild-type plants. The expression levels of OsHB3 and OsHB4 were significantly higher, while the expression levels of OsHB1, OsHB2, and OsHB5 were either unchanged or only moderately increased in STTM166 leaves as compared with those in the wild type (Fig. 5C) . The RNA-seq data were further validated by quantitative real-time PCR (Fig. 5D) . These results suggest that OsHB3 and OsHB4 could be the main targets of miR166 in rice. This is consistent with the finding that OsHB3 and OsHB4 expression levels are comparatively higher in stem than in any other tissues (Itoh et al., 2008) . The modified RLM-RACE method was used to detect cleavage in all five OsHB genes, and cleavage in only OsHB4 transcripts was confirmed (Fig. 5E ). The mapped cleavage site was found to be identical to those reported in Arabidopsis (Emery et al., 2003; Tang et al., 2003) . Therefore, OsHB4 could be a direct target of miR166 and regulate vascular development in the stem of rice.
Overexpression of miR166-Resistant OsHB4 Phenocopies STTM166 Plants
The miR166-mediated morphological changes and drought resistance through the regulation of OsHB4 were further studied by constructing and overexpressing a miR166-resistant version of OsHB4 (rOsHB4) in rice (Fig. 6A) . At the seedling stage, several independent transgenic lines displayed an adaxially rolled leaf phenotype (Fig. 6B) . Additionally, rOsHB4 overexpression also led to improved drought resistance in rice (Fig. 6D) . The survival rates after 10 d of drought treatment increased by 22.3% and 28.3% in two independent rOsHB4 overexpression lines, rOsHB4-1 and rOsHB4-2, respectively, as compared with that in the wild type (Fig. 6C) .
A mutant with a single-nucleotide deletion in the OsHB4 gene generated using CRISPR/Cas9 and plants with overexpression of miR166 (OE-MIR166) using the miR166 precursor sequence were also generated and phenotyped. However, neither the Oshb4 mutant nor the OE-MIR166 plants showed significant differences in leaf and vasculature morphology and development when compared with the wild type (Supplemental Fig.  S9 ).
Transcriptomic Analysis Identifies miR166-Regulated Genes
MiR166 is known to regulate the class III HD-Zip genes encoding a family of transcription factors that mediate downstream functional genes participating in organ and vascular development or meristem maintenance (Ariel et al., 2007) . To identify genes with altered expression levels in the STTM166 plants compared with those in the wild type, RNA sequencing and transcriptomic analysis were performed. Interestingly, the well-known abiotic stressrelated marker genes such as PEROXIDASE RELATED GENES, STRESS-RESPONSE NAC, and NAM, ATAF1/2, AND CUC2 (Hou et al., 2009) were not changed in the STTM166 lines compared to those in the wild type (Supplemental Table S1 ).
The up-and down-regulated genes in STTM166 lines were subjected to gene ontology (GO) analysis using AgriGO (Du et al., 2010) . Among the differentially expressed genes, those involved in cell wall organization or biogenesis and polysaccharide metabolic process were strongly enriched (Fig. 7A ). For example, these included several polysaccharide synthase genes and a CLAVATA1-related gene, which are known to be associated with cell wall biogenesis (Gardiner et al., 2003; Watanabe et al., 2015; Diévart et al., 2003; Supplemental Table S2 ). Significant changes in the expression levels of these three polysaccharide synthase genes and the CLAVATA1-related gene are shown in the heat map (Supplemental Fig. S10 ) and further confirmed by RT-qPCR (Fig. 7B) .
To determine whether these polysaccharide synthase genes and the CLAVATA1-related gene are downstream targets of OsHB4, we first identified the putative cisregulatory motif bound by the HD-Zip III proteins. The in vitro binding data for the HD-Zip III proteins from Sessa et al. (1998) was used, and the sequence motif AT[C/G]ATT[A/C] was identified using MEME (http://meme-suite.org; Fig. 7C ), which was also identified as the REVOLUTA binding site in Arabidopsis (Brandt et al., 2012) . This binding motif was found in the 59 promoter region of these three polysaccharide synthase genes and the CLAVATA1-related gene (Fig. 7D) . Together, our data suggest that miR166 mediates the cleavage of OsHB4 transcripts and the OsHB4 transcription factor directly regulates some cell wall and polysaccharide metabolism-related genes to influence cell wall formation and vascular development.
DISCUSSION
Plants possess 20-to 24-nucleotide microRNAs (miRNAs), which mediate sequence-specific posttranscriptional gene silencing through transcript cleavage or translational repression. A single miRNA could target multiple genes and regulate diverse processes, and thus miRNAs are considered as genetic tools to manipulate agronomic traits of crop plants (Shriram et al., 2016; Li et al., 2017; Li and Zhang, 2016) . With the ultimate goal of improving important agronomic traits by manipulating key miRNAs, we attempted a large-scale knockdown of miRNA families in rice using the STTM technology . Independent STTM lines from the knockdown of 37 miRNAs families were generated and phenotyped under natural paddy field conditions. The STTM166 plants, showing a down-regulation of miR166, exhibited multiple morphological changes including reduced plant height (Fig. 1A) and adaxially rolled leaf (Fig. 1B) . Since moderate leaf rolling may be associated with drought resistance, STTM166 lines were selected for further characterization in this study. (rOsHB4) . B, The rolled-leaf phenotype of the rOsHB4-overexpression transgenic seedlings. C, Survival rate after drought and rewatering treatments. D, Drought resistance phenotype of the rOsHB4 transgenic lines. Scale bar, 2 cm. Data are presented as means 6 SD (n = 36 in C). **P , 0.01, two-tailed, two-sample Student's t test.
Using the combination of anatomical and physiological analyses, we showed that the morphological changes of the bulliform cells at the adaxial side of the leaf blade may be responsible for the rolled-leaf phenotype of STTM166 plants (Fig. 1E) . The rolled-leaf phenotype of STTM166 plants mimics the response of leaves to drought conditions in rice. Under drought conditions, the bulliform cells deflate due to water deficit thus losing turgor pressure, resulting in leaf rolling. Leaf rolling is thought to be a protective mechanism by reducing water loss through minimizing exposure of the leaves to sunlight and adjusting transpiration in monocots (De Micco and Aronne, 2012) . Currently, more than 30 mutants showing rolled-leaf phenotype have been reported in rice and the candidate genes responsible for the phenotype are either enzymes (Fang et al., 2012; Xiang et al., 2012) or transcription factors (Li et al., 2016b; Zhang et al., 2009 ) that are broadly associated with the establishment of adaxial-abaxial leaf polarity. In STTM166 plants, abnormality of sclerenchymatous cells at abaxial side were also observed (Fig. 1E ), which could be another factor contributing to the rolled-leaf phenotype. A previously characterized rice mutant named shallotlike1 with an extreme leaf rolling phenotype was associated with defective sclerenchymatous cells (Zhang et al., 2009) .
As a protective mechanism in rice, the rolled-leaf phenotype of STTM166 plants was expected to confer drought resistance. This was indeed the case, as indicated by the increased survival rates of STTM166 plants under drought stress (Fig. 2B) . The drought resistant phenotype of STTM166 plants is consistent with reduced transpiration rate (Fig. 3, A and B) , decreased stomatal conductance (Fig. 3C) , increased leaf water potential (Fig. 3D) , and decreased water loss in STTM166 plants (Fig. 2C) . A recent report has shown that miR165/166 in Arabidopsis targets the transcription factor PHABULOSA, which binds to the BETA-GLUCOSIDASE1 promoter, and knockdown of miR165/166 resulted in increased expression of BETA-GLUCOSIDASE1, thus higher levels of ABA and improved drought resistance (Yan et al., 2016) . However, our study showed that knockdown of miRNA166 in rice did not result in changes in ABA contents under either control or drought-stress conditions (Supplemental Fig. S6, A and B) , which suggests that the functions of miR165/166 have diverged between Arabidopsis and rice.
In addition to the rolled-leaf phenotype, we also observed morphological changes in the vasculature of the stem of STTM166 plants (Fig. 4A) , but the changes were not observed in the vasculature of roots and leaves of STTM166 plants (Fig. 4, C and D) . This suggests that miR166 is somewhat specific to vascular development in the stem in rice, distinct from the Arabidopsis miR165/166, which were shown to affect vascular patterning in roots (Miyashima et al., 2011) . The reduced diameter of xylem conduits in the stem of STTM166 rice plants reduced water conductance in STTM166 plants as compared to that of the wild type (Fig. 4B) . The decreased water conductivity of the shoot may contribute to the reduced stomatal conductance and lower transpiration in the leaf, since changes in water conductivity are known to be a systemic signal in plants (Zhu, 2016) . Therefore, we demonstrate that miR166 regulates stem vascular development and affects water conductivity in rice. The preferential expression of miR166 in the stem vascular tissue (Fig. 5, A and B) further supports its role in the vascular development of the stem.
How miR166 regulates stem vasculature and leaf morphology was studied by identifying the key targets of miR166 and downstream genes in rice. Based on the expression and mRNA cleavage studies, OsHB4 was identified as the major target of miR166 (Fig. 5, C  and D) . This was supported by the genetic evidence showing that overexpression of miR166-resistant version of OsHB4 (rOsHB4) under the control of the OsActin promoter phenocopies the STTM166 phenotypes such as rolled leaves and drought resistance (Fig.  6) . A recent report also showed that overexpression of the native OsHB4 (also known as OsHox32) under the control of 35S promoter resulted in rolled-leaf phenotype in rice (Li et al., 2016a) . Interestingly, overexpression of miR166-resistant versions of OsHB1, OsHB3, and OSHB5 also resulted in a rolled-leaf phenotype (Itoh et al., 2008) . This suggests that these OsHB transcription factors may have overlapping functions in leaf development. This notion is supported by our observations that a loss-of-function mutant of OsHB4 and plants with overexpressing the miR166 precursor did not show morphological phenotypes (Supplemental Fig. S9 ). Higher-order mutants should be generated in the future to understand the potentially overlapping and distinct functions of OsHB genes in rice.
Identification of putative downstream genes regulated by miR166-OsHB4 was attempted by using transcriptomic analysis. Differentially expressed genes and GO term analyses revealed strong enrichment of genes involved in cell wall organization or biogenesis and polysaccharide metabolic process, which further supports the role of miR166-OsHB4 in the more specialized cell types such as the xylem vessels and bulliform cells. Among the enriched genes, three polysaccharide synthase genes and a CLAVATA1-related gene containing the putative HD-Zip III binding motif AT[C/G]ATT [A/C] in their promoter regions were identified. Therefore, OsHB4 is likely to directly bind to the promoters of some cell wall and polysaccharide metabolism related genes to regulate cell wall formation and vascular development in rice.
In summary, we provided genetic and molecular evidence that miR166 targets the OsHB4 transcription factor transcripts and regulates leaf morphology and stem vascular development. We also showed that drought resistance in rice could be improved by creating rolled leaves and reducing the diameter of xylem conduit in the stem through down-regulating the level of miR166.
MATERIALS AND METHODS
Plant Materials and Growth Conditions
Transgenic lines were generated in rice (Oryza sativa) variety Nipponbare (ssp. japonica) in this study. Wild-type and transgenic plants were grown under natural-field conditions in Shanghai, China (30°N, 121°E) during summer season from mid-May to mid-October and Lingshui, China (18°N, 110°E) during winter season from mid-December to mid-April. The phytotron, with a 30°C/24°C 6 1°C day/night temperature, 50% to 70% relative humidity, and a light/dark period of 14 h/10 h, were used to culture rice seedlings before they were transplanted to paddy fields.
Drought-Stress Treatment and Measurement of Water Loss and Leaf Water Potential
Drought resistance assay was performed using pot-grown plants in a phytotron growth chamber. Seedlings were established under normal growth conditions for 15 d and drought was then initiated by withholding water. On the 10th day after the drought-stress treatment, recovery of plants was attempted by rewatering, and the survival rate was recorded on the eighth day after rewatering. To measure water loss, each pot with same amount of soil was periodically weighed during the drought-stress treatment by using an electronic balance. Water loss was calculated as a percentage of the decreased weight to the initial weight of the pot. The experiment was performed three times (n = 3), each time with two STTM lines (36 seedlings of each lines). In paddy field, drought stress was initiated at the panicle development stage by discontinuing watering of plants, and the plants were recovered with irrigation at the flowering and seed maturation stages. Leaf water potential was measured in plants under normal growth condition and at the fifth day after drought-stress treatment by using WP4C Dewpoint PotentiaMeter (Decagon Devices). Five plants were measured for each line (n = 5).
Trait Measurements
Plant height, tiller number, grain length, grain width, 1,000-grain weight, panicle length, grain number per panicle, internode length, and diameter of the third internode were measured at full maturity of the plants. Plant height was measured in the paddy fields. Grain length and width were measured using an SC-A grain analysis system (Wseen Company). The 1,000-grain weight was measured using an SC-A grain analysis system (Wseen Company) after fully filled grains were dried at 42°C for 2 weeks. Full grains and total grains of each panicle were counted for spikelet fertility in paddy field. Grain yield (gram/ plant) was measured by harvesting all full grains of each plant. Twenty-four plants were measured for each line (n = 24).
Phenotyping and Histological Experiments
Most plant materials were photographed with a Canon EOS7D digital camera and an OLYMPUS BX53 microscope. Grain length and width photographs were generated using an SC-A grain analysis system (Wseen Company).
Rice stems and leaves were collected and fixed overnight at 4°C in FAA solution and dehydrated in a graded ethanol series. The samples were then embedded in Technovit 7100 resin (Hereaus Kulzer), and 2-mm sections were made using a Leica RM 2265 programmable rotary microtome (Leica Microsystems). After being stained with 0.05% toluidine blue, transverse sections were photographed using an Olympus BX53 microscope.
Transpiration Rate and Hydraulic Conductance Measurements
Wild-type and transgenic plants were grown under natural field conditions in Shanghai or Lingshui regions. Li-Cor 6400 Portable Photosynthesis System was used to measure the transpiration and photosynthesis rate of 2-month-old seedlings grown in paddy fields, with adequate irrigation and other growing conditions. The measurements were conducted at three time points (10:00 AM, 12:00 PM, and 16:00 PM) during sunny days.
At approximately 2 months of growth, when rice plants have matured and have elongated stems, an HPFM (Dynamax) was used to measure the conductivity of water through the vascular bundle of shoot in wild-type and STTM166 plants. In brief, the aerial part of the plant grown in paddy fields was covered with aluminum foil to prevent transpiration before the plant was measurement. The aerial part was then removed for measurement by cutting at the site of joint between stem and root under water to prevent air from being sucked into xylem, and the cutting end of the aerial part was then inserted quickly and tightly into the HPFM instrument adaptor and the conductivity and flow of water were measured using quasi-steady-state flow meter. All leaves of each plant were collected and weighed, and the total leaf area of each plant was calculated based on the leaf weight per unit area. "Cond (kg/s/MPa/m)" represents the conductivity of water, kilograms of water per second per megaPascal normalized by leaf area.
Vector Construction and Transformation of Rice
STTM vectors were constructed as described by Tang et al. (2012) . All constructs were introduced into the Agrobacterium tumefaciens strain EHA105 and subsequently transferred into the japonica variety Nipponbare by A. tumefaciens-mediated rice transformation as previously described (Hiei et al., 1994) . Sequences of the primers used are listed in Supplemental Table S3 . For CRISPR/Cas9 vector, guide RNAs were inserted into the Cas9 expression vector downstream of the OsU6 promoter, and the constructs were transformed into the EHA105 A. tumefaciens cells for rice transformation.
Small RNA Northern Analysis
Total RNA was isolated using the Trizol Reagent (Invitrogen) according to the manufacturer's instructions. About 40 mg of total RNA were analyzed on a denaturing 19% polyacrylamide gel, transferred to Nytran Super Charge Nylon Membranes (Schleicher & Schuell BioScience) and cross-linked using a Stratagene UV Crosslinker. DNA oligonucleotides complementary to different sequences of miRNAs were synthesized and labeled with [ 32 P]g-ATP (PerkinElmer) using T4 polynucleotide kinase (TaKaRa). The membranes were prehybridized with PerfectHyb (Sigma-Aldrich) hybridization solution and then hybridized with the labeled probes. After several times of washing, the membranes were autoradiographed using an x-ray film (Carestream, X-OMAT BT Film). U6 was used as a loading control. The probe sequences are listed in Supplemental Table S3 .
RNA Extraction and RT-qPCR
Total RNA was isolated from roots, stem, leaf, leaf sheath, flowers, and seeds from different developmental stages of rice plants using the Trizol Reagent (Invitrogen) according to the manufacturer's instructions. Shoot samples were also collected from plants with or without drought-stress treatment for 5 d for RNA isolation. After treatment with RNase-free DNase I (Promega), total RNA (1 mg) was reverse transcribed using the TransScript II One-Step gDNA Removal and cDNA Synthesis SuperMix kits (TransGen Biotech). The reverse transcription products were used as templates for quantitative real-time PCR performed on a CFX96 real-time PCR system (Bio-Rad) using SYBR Premix EX Taq (TaKaRa) according to the manufacturer's protocol. ACTIN1 was used to normalize samples; relative expression levels were measured using the 2 2DDCt analysis method.
The sequences used in RT-qPCR are listed in Supplemental Table S3 .
In Situ Hybridization Analysis
The stems of rice seedling were fixed in 4% paraformaldehyde in 0.1 M sodium phosphate buffer by vacuuming for 10 min and then dehydrated in a graded ethanol series. The dehydrated samples in 100% ethanol were replaced with Histo-Clear and embedded in Paraplast Plus (Sigma-Aldrich). Paraffin sections (5 mm thick) were placed onto microscope slides coated with poly-L-Lys (SigmaAldrich). LNA-miR166a antisense probes labeled with Digoxigenin were used for in situ hybridization and immunological detection of miR166 as previously described (Javelle and Timmermans, 2012) . The purple signals in localized tissue cells were photographed using an Olympus BX53 microscope.
RNA-Seq Analysis
Total RNA was extracted using RNeasy Plant mini Kit (Qiagen) according to the manufacturer's instructions. Two independent replicates were used for each sample. The cDNA synthesis, purification, and labeling were then performed using standard protocols. The RNA-seq data were analyzed with TopHat and Cufflinks software. Genes with at least 2-fold up-and down-regulation in the STTM166 plants compared with those in wild-type plants were considered as significantly changed genes. The expression patterns of some differential expressed genes were further confirmed by real-time PCR.
RLM-RACE
RLM-RACE was conducted following the protocol of FirstChoice RLM-RACE kit (Ambion). In brief, total RNA was extracted, and the first and second PCRs were performed by using the primers of HB-inner and HB-outer (listed in Supplemental Table S3 ), respectively. The products from the second PCR were purified by using agarose gel electrophoresis and then cloned for sequencing.
Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1 . Plant height and seed size of wild-type and STTM166 plants.
Supplemental Figure S2 . Grain yield under normal growth conditions and spikelet fertility under normal and drought conditions.
Supplemental Figure S3 . STTM166 plants exhibited drought-resistance phenotype.
Supplemental Figure S4 . The stomatal density in STTM166 and wild-type leaves.
Supplemental Figure S5 . Stomatal size in leaves of wild-type and STTM166 plants.
Supplemental Figure S6 . ABA content in STTM166 and wild-type plants.
Supplemental Figure S7 . The expression profiles of aquaporin genes in STTM166 and wild-type plants.
Supplemental Figure S8 . The expression of OsHB genes in different tissues and in response to drought stress in wild-type plants.
Supplemental Figure S9 . Overexpression of miR166 and the mutation of OsHB4 in rice.
Supplemental Figure S10 . The heat map of expression pattern of the polysaccharide synthesis-related genes from the RNA-seq data.
Supplemental Table S1 . The differentially expressed genes in STTM166 plants.
Supplemental Table S2 . Functional annotation of differentially expressed genes related to cell wall organization and biogenesis.
Supplemental Table S3 . List of primers used in this study.
